This study evaluated the polymerization shrinkage, flexural and compressive properties of low-shrinkage resin composites. For the study, four methacrylate-based and one silorane-based resin composites were light cured using three different light-curing units (LCUs) and their polymerization shrinkage, flexural (strength (FS) and modulus (FM)) and compressive (strength (CS) and modulus (CM)) properties were evaluated. Data were statistically analyzed using ANOVA and a post-hoc Tukey test. The polymerization shrinkage ranged approximately 7.6-14.2 μm for 2-mm thick specimens depending on the resin product and LCU. Filtek LS showed the least shrinkage while the rest shrank approximately 13.2-14.2 μm. However, Filtek LS showed the greatest shrinkage difference for the used LCUs. FS and CS of the tested specimens ranged 96.2-152.1 MPa and 239.2-288.4 MPa, respectively, depending on the resin product and LCU. The highest and lowest FS and FM were recorded for the methacrylate-based resin composites. Among the specimens, Filtek LS showed the lowest CS and CM.
INTRODUCTION
For many years, methacrylate-based light-curing resin composites have been used in dentistry for dental restorations due to their convenience in use, acceptable esthetics and mechanical properties, and instant polymerization with light curing. However, despite of many advantages, resin composites generate shrinkage during its polymerization process. The polymerizationinduced shrinkage occurs due to the change of molecules spacing from van der Waals bond to covalent bond causing clinical problems such as restoration fractures, marginal leakage, postoperative sensitivity, and recurrence of secondary caries in the restoration-tooth interface [1] [2] [3] . Since resin composites are mixtures of monomers and inorganic fillers and shrinkage by the polymerization is inevitable, efforts have been focused on the development of non-or minimally shrinking Bis-GMA-based or epoxy-based composite resins by containing liquid crystal monomers, spiroorthocarbonates, or ring-opening systems [4] [5] [6] [7] . General strategies to reduce polymerization shrinkage in conjunction with the material were finding monomers that can reduce reactive sites and increasing filler content to reduce monomers content those are responsible to the shrinkage within the resin matrix.
Recently silorane-based resin composite (Filtek LS) was introduced. Silorane is a compound of siloxane and oxirane molecules. The oxirane molecules achieve polymerization through low-shrinkage yielding ring-opening process. This ring-opening process is insensitive to oxygen, so it can achieve a high degree of conversion [8] [9] [10] . However, in the methacrylate-based resin composites, oxygen hinders polymerization by combining with free radicals and then forming stable species 11, 12) . Recently introduced resin nanocomposites had a higher filler content by introducing various nanofillers. The advantages of the high filler content resulted in less polymerization shrinkage due to less available resin matrix and improved mechanical properties and translucency [13] [14] [15] . The development of new curing protocols was another approach in reducing the polymerization shrinkage. Variable light illumination techniques (soft-start, pulse, and ramping curing), incremental placement techniques, and use of low-modulus intermediate layers have been tested for their feasibility in reducing polymerization shrinkage during restoration [16] [17] [18] . The purpose of the present study was to evaluate the degree of polymerization of low-shrinkage resin composites that were light cured using different light-curing units (LCUs) by testing polymerization shrinkage, flexural, and compressive properties. The hypothesis was that Filtek LS has low polymerization shrinkage, high flexural and compressive strength compared to other resin composites. 
MATERIALS AND METHODS

Resin composites and LCUs
For the study, six resin composites were selected as outlined in and G-light (GL), GC, Tokyo, Japan) were used. The output light intensity of each light-curing unit was approximately 900 mW/cm 2 as measured using the built-in radiometer. The emission spectrum of the light sources and the absorption spectrum of camphorquinone (CQ) (Fig. 1) were measured using a photodiode array detector (M1420, EG&G PARC, Princeton, NJ, USA) connected to a spectrometer (SpectroPro-500, Acton Research, Acton, MA, USA).
Polymerization shrinkage measurement
The polymerization shrinkage of the specimens during and after the light-curing process was measured (n=5 for each product) using a linometer (RB 404, R&B Inc., Daejon, Korea). A resin of cylinder shape (diameter: 4 mm, thickness: 2 mm) was placed over the aluminum disc (the specimen stage of the linometer) and its top surface secured using a glass slide. The end of the light guide was placed in contact with the glass slide. Before light curing, the initial position of the aluminum disc was set to zero. The light from the LCU was irradiated for 40 s. As the resin polymerized, it shrank toward the light guide and the aluminum disc under the resin moved toward the light guide. The amount of disc displacement that occurred due to polymerization shrinkage was measured automatically for 130 s using an inductive sensor. This shrinkage sensor was a non-contacting type. The resolution and measurement range of shrinkage sensor were 0.1 μm and 100 μm, respectively.
Three-point bending test
The three-point bending test was performed to determine the flexural properties (flexural strength (FS) and modulus (FM)). To make the specimens, a metal mold (25×2×2 mm) was filled with the resin according to the ISO 4049 guidelines 19) . After filling the mold, both top and bottom surfaces were covered with glass slides to make a flat surface. The specimen was irradiated for 40 s using a LCU. Since the specimen was much wider (25 mm) than the tip size (7-8 mm), five light exposures were performed on each side by overlapping the curing light. After light curing, specimen was removed from the mold and aged for 24 h in a 37˚C dark chamber. After aging, the specimens (n=5 for each test condition) were loaded to a universal test machine (Instron 3345, Grove City, PA, USA) at a crosshead speed of 1 mm/min. The FS (σ f in MPa) was obtained using the following formula.
where D is the distance between the supports (20 mm), P is the maximum failure load (N), W is the width (2 mm), and H is the height (2 mm) of the tested specimen. The FM (E in GPa) was obtained using the following formula.
where P/D is the slope in the linear portion of the loaddisplacement curve.
Compression test
To measure the compressive properties (compressive strength (CS) and modulus (CM)), a metal mold (diameter: 3 mm, height: 6 mm) was filled with the resin. The metal mold was made from two identical hollow hemicylinders by combining together. After filling the mold, both the top and bottom surfaces were covered with glass slides to produce a flat surface and then irradiated for 5 s. Since light did not reach the bottom surface due to the poor penetration depth in this turbid resin, light curing was performed through the lateral surface after exposure. Subsequently, one part of the metal mold was removed by sliding it. The exposed surface was light cured for 40 s. The opposite side was also light cured for 40 s after removing the other part. The cured specimen was removed from the mold and aged for 24 h in a 37˚C dark chamber. After aging, compression tests were performed using a universal test machine at a crosshead speed of 1 mm/min. The CS (σ c in MPa) was obtained using the following formula.
where P is the maximum failure load (N) and A is the cross-sectional area of the specimen. The CM (in GPa) of the specimens is the slope of the linear portion of the load-displacement curve.
Statistical analysis
The results from polymerization shrinkage, three-point bending test, and compression test were analyzed using two-way ANOVA for LCU and resin product. A post-hoc Tukey's test was followed for multiple-comparisons. All tests were analyzed at p<0.05. Figure 1 shows the emission spectrum of the used LCUs. HX, the QTH lamp-based LCU, showed the broadest spectral distribution among the LCUs. DE, LED-based LCU, showed one strong but narrow emission peak near 460 nm, whereas GL showed two emission peaks near 410 and 470 nm. Table 2 shows the polymerization shrinkage of the specimens for different LCUs. The polymerization shrinkage ranged 7.58-14.17 μm depending on the resin product and LCU. Among the specimens LS and QU showed the least (7.58-8.91 μm) and greatest (13.24-14.17 μm) shrinkage, respectively. As to the same resin product, the maximum difference of polymerization shrinkage between LCUs ranged 4.9-14.9%. Among the specimens, AL and LS showed the least and greatest difference of polymerization shrinkage, respectively, for The compressive properties of the specimens for different LCUs are shown in Table 4 . CS ranged 239.2-288.4 MPa depending on the resin product and LCU. Among the specimens, PR and LS showed the highest (264.1-288.4 MPa) and lowest (239.2-249.0 MPa) CS, respectively. For CM, AL and LS showed the highest (4.38-4.69 GPa) and lowest (2.95-3.64 GPa) values, respectively. As to the same resin product, the maximum CS difference between LCUs ranged 1.1-8.4%. Among the specimens, QU and PR showed the least and greatest CS difference, respectively, for the used LCUs.
RESULTS
DISCUSSION
In the light-curing resin composites, the shrinkage induced by polymerization causes many unwanted clinical problems. The tested specimens in the present study may have achieved their low shrinkage by two ways: high filler content and a new monomer system. Except LS, all the tested specimens have high filler content (>80 wt%) and such high filler content was possible with an aid of nanotechnology. Recently many resin nanocomposites which contain various nanofillers with different sizes and shapes have been introduced. By containing nanofillers, significant increase of filler volume has been achieved with reduction of monomers content and then decrease of polymerization shrinkage. However, compared to many microhybrid composite resins, the filler content of the resin nanocomposites was not dramatically increased, so, questions are arising whether the filler content can further be increased and the increased filler content can further reduce the polymerization shrinkage [20] [21] [22] . LS is a newly introduced resin composite that includes silorane. Silorane is a compound of siloxane and oxirane molecules [8] [9] [10] . In this compound, siloxane molecules inherit hydrophobic nature, so less water sorption can be expected from LS. Oxirane molecules yield low shrinkage through ring opening, flattening, and extending to each other. Unlike methacrylate-based resin composites (methacrylate molecules connect each other through shifting and linking response), oxiranes can reduce shrinkage significantly. The filler content in LS (55/76 for vol/wt%) is much lower than the rest resin products (64-74/81-88 for vol/wt%). It would be interesting to find out if the increased filler content in LS compared to the present formulation will further reduce the polymerization shrinkage.
In the polymerization of the light-curing resin composites, the role of LCU is crucial because it provides photons that active camphorquinone, the photoinittiator. As shown in Fig. 1 , each LCU shows much different spectral distribution. Among the LCUs, HX (QTH-based LCU) showed the widest spectral distribution, whereas the two LED LCUs showed much narrower light emission than HX, and focused more on the CQ absorption peak. The apparent difference between DE and GL is the additional emission peak near 410 nm in GL.
The measured polymerization shrinkage ranged approximately 7.58-8.91 μm for LS and 9.69-14.17 μm for the rest resin products (resin nanocomposites) in the 2-mm thick specimens. The result implies that the cationic ring-opening-based polymerization produces much less shrinkage than that of the free radical-based polymerization even with much less filler content. In many cases, not always, filler content linearly correlated with polymerization shrinkage 23, 24) . So, as the filler content increases, the resin content that is the source of shrinkage decreases and the resultant polymerization shrinkage is highly probable. In the present study, the tested specimens showed a linear correlation between their filler content (vol%) and polymerization shrinkage for each LCU. Among the LCUs, specimens light cured using GL showed slightly greater polymerization shrinkage. However, such increase was not consistent with all specimens. The hypothesis as to the polymerization shrinkage is acceptable.
The three-point bending test is a method that determines the flexural properties (strength and modulus) of the specimen that are related to the degree of specimen's resistance against external stress in the transverse direction (similar to mastication). Unlike polymerization shrinkage, FS had negligibly low correlation with the filler content (R: 0.24-0.42 for vol%; 0.06-0.17 for wt%). For the tested specimens, the effect of LCU on FS was insignificant (p>0.05). However, among the specimens with the same LCU, FS difference between the highest and lowest FS values ranged 41.0-54.5% depending on the LCU used. Among the LCUs, specimens light cured using GL showed the least FS difference between resin products (24.2-54.5% for HX; 3.2-46.8% for DE; 0.6-41.0% for GL). For the same specimen, the maximum FS difference between LCUs ranged 0.7-20.2%. Among the specimens, AL and VE showed the greatest (20.2%) and lowest (0.7%) difference. LS showed medium high FS. FM is the measure of material's stiffness, a high FM indicates a great stiffness 25) . Among the specimens, AL and QU showed the highest (15.7-23.8 GPa) and lowest (9.8-10.7 GPa) FM, respectively. Unlike FS, FM showed not negligibly low correlation (R: 0.63-0.71) with filler content (wt%). Low correlation of FS with filler content is probably due to the fact that FS depends more on the volume of material and internal defects such as cracks or voids that were generated during manufacturing process [26] [27] [28] . According to the clinical data, the most common reason for restoration failure was fracture of the restoration 29) . To reduce failure by restoration fracture, it is important to use specimens of low shrinkage with similar FM to dentin. FM values obtained from the present study (9.8-23.8 GPa) are similar to that of dentin (17-25 GPa) [30] [31] [32] . For specimens, FS had low correlation with FM (R: 0.32-0.49) regardless of LCUs. The result may indicate that selecting any resin product for restoration based on only one factor (FS or FM) is not advisable. The hypothesis as to the flexural strength has to be rejected.
The uniaxial compression test determines a material's sustained resistance (strength and modulus) against to longitudinal heavy load (mastication) 33) . Unlike FS, CS showed some dependence on filler content (R: 0.68-0.78 for wt%). A lesser correlation coefficient may indicate any probable contribution by factors such as monomer co-mixtures and degree of crosslink in addition to filler content. The lowest CS in LS regardless of LCUs can be explained by such dependence of filler content. LS contain the least amount of fillers among the specimens tested. As found in the case of FS, for different LCUs, CS was different even in the same product. The maximum CS difference between LCUs ranged 1.1-8.4% depending on the resin product tested. Within the limitations of the used LCUs, specimens light cured using GL generally showed higher CS than that of the rest LCUs. Among the LCUs, specimens light cured using GL showed the least CS difference between the resins tested (2.6-14.8% for HX; 4.9-16.8% for DE; 0.2-1.6% for GL). Similar to CS, CM also linearly correlated with filler content (R: 0.68-0.93), and in most cases, the lowest CM was recorded from LS (2.95-3.64 GPa) regardless of resin products and LCUs. According to the curve fit, FM and CM of the specimens were linearly correlated (R: 0.85-0.94) to each other. Such correlation would be a useful indicator for choosing a proper restorative material that is compatible with the underlying dentin. The CM values obtained in the present study (3.0-4.7 GPa) are less than that of dentin (11.0-18.5 GPa) 34, 35) . If materials of lower CM than dentin are used, the restored material can protect the underlying dentin by simply absorbing the stress (if the stress is less than the strength of the material) or fracturing itself (if the stress is greater than the strength of the material). On the other hand, if materials of higher CM than dentin are used, they can resist the stress up to the degree that the material can resist. However, if the material is exposed to much higher stress than the material can resist, both the restored and underlying dentin can be damaged because the restored material can absorb much of the stress through the fracture, but still remaining stress can damage the underlying dentin through the propagation. The hypothesis as to the compressive strength has to be rejected.
